ABSTRACT BACKGROUND: Some studies, mainly in the older literature, observed a significant association between miscarriages and birth defects (BDs) occurring in the same sibship. However, few studies examined the BD/ miscarriage relationship in depth. In addition nothing has been added to the underlying mechanisms possibly linking both events. The purpose of this work was to identify specific BDs associated with maternal miscarriages. In particular, it examined whether the risk depended on the number of losses, and to suggest the existence of specific factors for each BD/miscarriage association observed. METHODS: The study relied on the Latin American Collaborative Study on Congenital Malformations (ECLAMC) database registries including 26,906 live and stillborn infants with one of 19 selected isolated BDs and 93,853 normal controls. Infants born to primigravid mothers were excluded from the present study. Demographic and reproductive variables were compared between control mothers With and Without previous miscarriages. The number, frequency, and distribution of miscarriages were observed for each BD and controls. A conditional logistic regression was applied to evaluate the miscarriage risk for each BD. RESULTS: Control mothers with previous miscarriages were older, had had more pregnancies, and were less educated. Three risk patterns of miscarriages were observed: a very high risk of miscarriages associated with gastroschisis, omphalocele, and talipes; only one miscarriage associated with spina bifida, and two or more miscarriages associated with hypospadias. CONCLUSION: These three patterns suggest that different factors underly each BD/miscarriage association: infertility for hypospadias, vascular disruption for gastroschisis and talipes, while for spina bifida, the much debated trophoblastic cell residue theory could not be discarded.
Introduction
Approximately 10 to 15% of all clinically recognized pregnancies results in a miscarriage (Schaeffer et al., 2004) .
Most of them occur during the first trimester and are mainly due to chromosome anomalies (Hassold et al., 1980) . Other genetic or environmental causes have also been shown to be involved, while for many miscarriages the cause remains unknown.
Recurrent pregnancy losses occur in 1 to 2% of fertile women, often without an identifiable cause (Brigham et al., 1999) . A history of abortion may include the birth of a viable malformed fetus, due to the segregation of an inherited chromosome aberration (De Krom et al., 2015) .
Some authors have analyzed the association between previous miscarriages and the occurrence of certain birth defects of unknown etiology (Paz et al., 1992; Khoury and Erickson, 1993; Mart ınez-Fr ıas and Fr ıas, 1997) . Several hypotheses have been put forward. For instance, it has been suggested that the same defect observed in the liveborn infant could be present (although undetected) in the aborted conceptus, causing the pregnancy loss (Khoury and Erickson, 1993) . Mart ınez-Fr ıas and Fr ıas (1997) , who found more abortions in the sibship of infants with more severe defects, reached similar conclusions. Clarke et al. (1975) hypothesized that residual trophoblastic cells from a previous miscarriage interfered with the embryonic development, causing a neural tube defect. This hypothesis was supported by some authors (Gardiner et al., 1978) and rejected by others (Mart ınez-Fr ıas and Fr ıas, 1997).
Vascular disruption has been suggested to cause certain defects, such as club foot and gastroschisis (Van Allen, 1981; Lubinsky, 2014) , while Rittler et al. (2015) demonstrated an association between miscarriages and gastroschisis and proposed a disruptive mechanism for both.
The purpose of the present study was to determine whether or not some birth defects were associated with a history of miscarriages. In particular, it assessed whether there was a possible effect of the number of miscarriages and it examined whether the miscarriage immediately preceded or not the birth of a newborn with a birth defect. Finally the possible mechanisms involved are discussed.
Material and Methods
The Latin American Collaborative Study on Congenital Malformations (ECLAMC) is a research program dedicated to birth defects (BDs) research, relying on a network of maternity hospitals where health care professionals, mainly pediatricians, diagnosed birth defects in live-and stillbirths. Data on socioeconomic and demographic characteristics, previous birth outcomes, and prenatal factors are obtained from medical records and by interviewing, before hospital discharge, the mothers of malformed newborns and healthy controls (infant of the same sex born immediately after each affected newborn). A detailed description of the registry and methodology has been published previously (Castilla and Orioli, 2004) . The present study used the ECLAMC data base registries of live-and stillborns with an isolated, major defect and healthy controls born between 1967 and 2013.
Newborns with more than one major defect were excluded, as were cases and controls born to primigravid mothers.
A total of 19 BDs including at least 160 cases were selected (Appendix) to be able to detect with a 80% power and an alpha of 0.05, a 1.5-fold increased risk with a 15% exposure.
The definition of miscarriage was based on the mother's description of a spontaneous first trimester pregnancy loss, without any identifiable fetus.
The following variables were compared between mothers With and Without a previous miscarriage: Demographic: maternal and paternal age, gravidity, maternal and paternal education (< 7 years schooling), paternal occupation (unemployed or unqualified worker), and ethnic ancestry (Native American, African American, and European). Reproductive history and current pregnancy: short inter-birth interval (< 1 year), chronic maternal illness, and medications during the first trimester of pregnancy.
Analysis of variance and t test were applied for continuous variables and a Chi-square test was used for discrete variables. A Bonferroni correction was applied to adjust for the large number of comparisons. Significance level was set at 0.05.
The number of miscarriages, their frequency and their distribution were obtained for each BD and for controls. Cases and healthy controls (four from the total control group per case) were matched by hospital, year of birth and maternal gravidity. To establish the miscarriage risk for each BD, a conditional logistic regression was applied, after adjusting for maternal and paternal ages, native ancestry, maternal education and chronic illness.
The same analysis was performed, taking the newborns with the remaining BDs as controls. The risks between a recent and an ancient miscarriage were compared, using case and control mothers with a history of miscarriages. Data were analyzed with the statistical software StataCorp LP, version 12.0, College Station, Texas.
Results
The study relied on the ECLAMC data base registries including 26,906 newborns with one of the 19 selected BDs and a total of 93,853 healthy controls. The comparison of epidemiologic characteristics of control mothers With and Without a previous miscarriage is shown in Table 1 . Mothers with a previous miscarriage showed a higher frequency of some risk factors, such as an older age, an increased number of pregnancies, and a lower education. The impact of these variables increased as the number of miscarriages increased. In Table 2 , the number of miscarriages, their frequency, and their distribution are shown for each BD and for controls.
A conditional logistic regression, using healthy controls, showed that mothers with previous miscarriages were at a statistically significant higher risk for 5 of the 19 selected BDs, namely gastroschisis, omphalocele, talipes equinovarus, spina bifida, and hypospadias (Table 3 ). For gastroschisis and omphalocele, the risk increased with the number of miscarriages.
When comparing to the group of malformed newborns used as controls, the risk remained significant for omphalocele (odds ratio [OR]: 1.83(1.33-2.53); p < 0.001), gastroschisis (OR: 2.00(1.51-2.65); p < 0.001), and talipes (OR: 1.18(1.04-1.35); p < 0.01).
For hypospadias, only mothers with more than one miscarriage were at risk, while for spina bifida, only one previous miscarriage (but not more than one) was a risk factor.
Discussion
Here, we show that among several selected birth defects, five were associated with a maternal history of miscarriages. In support of our findings, Paz et al. (1992) observed a significant association between previous miscarriages and talipes equinovarus. They also found that anencephaly and spina bifida were significantly associated, with stillbirths (not miscarriages). Other methodological differences found in their study were that they considered only the abortion preceding immediately the birth of malformed newborn, while mothers with a miscarriage at any other time were included into the control group and that gastroschisis and omphalocele were included into a global category "other isolated defects," precluding comparisons with the results of the present study. Khoury and Erickson (1993) evaluated the risk of 57 birth defects in newborns of women with a history of pregnancy losses (miscarriages and stillbirths). In accordance with our work, the authors found a significant risk for positional limb defects and hypospadias, while they did not find a risk for spina bifida, omphalocele, or gastroschisis.
TYPES OF BIRTH DEFECT/MISCARRIAGE ASSOCIATION
The present work revealed three patterns of birth defect/ miscarriage association: (1) with only one miscarriage (spina bifida); (2) with two or more miscarriages (hypospadias); and (3) where the risk was very high (gastroschisis, omphalocele, talipes), and increased with the number of miscarriages (gastroschisis and omphalocele). These findings were expected, if one considers that different mechanisms are presumably involved in birth defects. Therefore, it seemed reasonable to search for specific factors common to each birth defect/miscarriage association.
SPINA BIFIDA
It has been postulated that, within the spectrum of neural tube defects, a miscarriage within the sibship of an infant with spina bifida could represent a previously lost anencephalic embryo (Laurence and Roberts, 1977) . Remarkably, our results showed that only spina bifida but not anencephaly was associated with a history of miscarriages.For this observation, the polygenic-multifactorial model of inheritance could provide an explanation, namely an infant with spina bifida would more easily be associated with an anencephaly in its sibship than the opposite, due to the lower genetic threshold of anencephaly than of spina bifida (Carmi et al, 1994) . In addition, an embryo with spina bifida within the same sibship of a newborn with anencephaly, would not necessarily be lost, reducing the likelihood to observe a miscarriage/anencephaly association. On the other hand, Clarke et al. (1975) showed that mothers of infants with NTDs had more miscarriages immediately preceding the observed birth defect case. They hypothesized that residual trophoblastic cells from the preceding abortion interfered with the subsequent developing embryo, leading to anencephaly or spina bifida. This cell rest hypothesis was supported by some authors (Gardiner et al., 1978) , some related it to other defects (Sheiner et al., 1998) , while others (Mart ınez-Fr ıas and Fr ıas, 1997) found that the rate of miscarriages preceding immediately the birth of an affected newborn did not differ from a miscarriage occurring at any other time. Lu et al. (2011) showed that an abortion preceding immediately the birth of a malformed newborn was a risk factor for a subsequent fetus with anencephaly only if the inter-pregnancy interval was short. Todoroff and Shaw (2000) reached a similar conclusion. We analyzed this hypothesis by evaluating the interaction between interbirth interval and miscarriage on the occurrence of each birth defect and found that for spina bifida such an interaction actually existed. The 1.01 (0.77-1.29) risk observed for a long interval increased to 1.70 (1.11-2.60) if the interval was short. Based on these results, and the fact that only one previous abortion represented a risk factor for spina bifida, the cell rest theory could not be discarded entirely. However, other factors related to a short inter-pregnancy interval, such as nutritional or vitamin deficiencies (Czeizel, 2009) , should be taken into consideration.
HYPOSPADIAS
The present work showed that only women with a history of two or more miscarriages were at risk for hypospadias.
Many studies have demonstrated an association between infertility treatments and hypospadias. Some authors have found such an association with sex hormone medications (Carmichael et al., 2005) , suggesting an interference with the development of male genitalia, while others have not (K€ all en et al., 1991) . However, an excess of hypospadias was also observed after treatment with other types of assisted reproductive technology (Heisey et al., 2015) . This finding requires further research. Nevertheless it seems reasonable to expect that any such therapy would be applied after a history of at least two miscarriages.
TALIPES EQUINOVARUS
Club foot has been related repeatedly to vascular disruption through factors such as an early amniocentesis (Evans and Wapner, 2005) , the loss of a twin fetus (Pharoah, 2005) , vasoconstrictive medications (Werler, 2006) , or maternal smoking during pregnancy (Skelly et al., 2002) . Merrill et al. (2011) identified vascular anomalies in the lower limbs of patients with club foot, in support of a vascular role in the pathogenesis of this defect.
In an epidemiological study on club foot, Werler et al. (2013) observed, among other findings, that case mothers were more often primiparous than control mothers. However, they found that gravidity did not differ between cases and controls. This suggests that case mothers could have had more previous abortions than controls. Unfortunately, previous miscarriages were not included among their analyzed variables.
In further support of vascular disruption, the authors observed associated anomalies, possibly due to the same mechanism, in four of their cases: one with a septo-optic dysplasia, two with a hydrocephaly, and one with a brain infarct.
Talipes equinovarus is one of the most frequent and conspicuous defects observed in the Moebius sequence, while other findings, such as an expressionless face or neurologic dysfunction, can be missed or not reported. The use of misoprostol as abortifacient, due to its uterotonic property, has often been associated with the Moebius sequence, as well as with other defects related to vascular disruption, such as terminal transverse limb defects (da Silva Dal Pizzol et al., 2006) , mainly in regions where a termination of pregnancy is illegal (Pastuszak et al., 1998; Vargas et al., 2000) .
It could be hypothesized that abortions preceding the birth of an infant with talipes were in fact terminations of pregnancy (not admitted as such due to their illegal condition), and the current outcome was an attempted although missed abortion. The higher than expected miscarriage frequency in the present population (19 vs. 15%) is consistent with some induced terminations. The observed association between miscarriages and hip dislocation (Paz et al., 1992) , often observed in the Moebius sequence, adds further support to this hypothesis.
GASTROSCHISIS
Lubinsky (2014) proposed two disruptive pathogenetic models for gastroschisis. The first one was not agedependent and acted through vasoconstrictive factors, such as certain medications (Werler, 2006) , or smoking (Skarsgard et al., 2015) .
The second one was age-dependent, and acted through the thrombotic effect of estrogens, mainly in young women who show higher levels of estrogens at early stages of pregnancy (Lubinsky, 2012) . In support of this hypothesis, the association between gastroschisis and endocrine disruptors with an estrogenic effect has been demonstrated (Agopian et al., 2013) .
In a previous study (Rittler et al., 2015) , we showed that a history of miscarriages was the main risk factor for gastroschisis. To our knowledge, an association between gastroschisis and pregnancy losses has only been mentioned by Getz et al. (2012) . Their study, however, was limited to mothers with a short inter-pregnancy interval. They found that the risk factor was the short interval and the risk increased if the previous pregnancy ended in a miscarriage. On the contrary, in the study of Rittler et al. (2015) the identified risk factor was the miscarriage, regardless of the inter-pregnancy interval.
Both hypertension and thrombophilia are recognized risk factors for pregnancy losses (Kutteh and Triplett, 2006) . Although to our knowledge the association between thrombophilia and gastroschisis has not been observed, other less frequent hyperthrombotic conditions could be involved.
OMPHALOCELE
In accordance with the observed association between omphalocele and a history of miscarriages, Agopian et al. (2009) found significantly more omphalocele cases among mothers without than with previous livebirths. However, the relationship between omphalocele and miscarriages does not seem to point toward any straight forward hypothesis. The chances of misdiagnosing omphalocele for gastroschisis were low in our sample as all abdominal wall defect cases had been previously reviewed (Castilla et al., 2008) .
One possible explanation could be that omphalocele is often observed in syndromes, mainly due to chromosome anomalies (Stoll et al., 2001) , and couples carrying a chromosome rearrangement may be at risk for malformed fetuses as well as for recurrent miscarriages (De Krom et al., 2015) . Although in the present study only infants with isolated defects were included, chromosome studies, which are not requested as part of the ECLAMC protocol, were not always performed. Consequently, the inclusion of some cases with a chromosome anomaly cannot be ruled out entirely, even though this explanation does not seem able to account for the observed number of cases.
On the other hand, some authors (Reefhuis and Honein, 2004; Marshall et al., 2015) observed that both old and young (< 20 years) maternal age was associated with omphalocele. Given the well-recognized association between gastroschisis and young maternal age, factors similar to those responsible for gastroschisis could be involved in the occurrence of omphalocele.
All the above findings and their interpretation show that the association of miscarriages with BDs may occur through different mechanisms. For instance, with hypospadias, the miscarriage acted as a trigger, leading to a sequence of events, while with gastroschisis or talipes, it rather represents the consequence of a common underlying factor.
STRENGTHS AND WEAKNESSES
The main strengths of this study resided in the magnitude of the ECLAMC series of newborns with birth defects, to have adjusted by the number of pregnancies, and the use of malformed controls, thereby reducing memory bias in mothers of malformed versus healthy newborns. A further strength was that ascertainment and reporting was performed by pediatricians trained in the diagnosis and the description of birth defects, providing homogeneity to the data.
Limitations were those related to retrospective case control studies, such as the recall bias for data obtained by interviewing the mothers. Information on abortions, whether spontaneous or induced, might be unreliable, especially in countries, such as in South America, where termination of pregnancy is illegal.
CONCLUSIONS
The present work revealed three patterns of birth defect/ miscarriage association: (1) A very high risk associated with gastroschisis, omphalocele, and talipes and a risk increasing as the number of miscarriages increased for gastroschis and omphalocele, (2) with only one miscarriage (spina bifida), and (3) with two or more miscarriages (hypospadias).
These findings and their possible explanations indicate that associations between birth defects and miscarriages can occur through different mechanisms.
The recognition of such associations may increase the chances of identifying underlying causes of birth defects.
